Geochemical analysis of fluvial sediments on the banks of River Ero using inductively coupled plasma mass spectrometry illustrates their maturity, provenance and tectonic setting. The analysed sediment samples show low SiO 2 /Al 2 O 3 ratios of 2.92-2.99 (units FL_A, FL_B and FL_E) and high SiO 2 /Al 2 O 3 ratios of 4. FL_D, FL_F and FL_G). Sediments were geochemically classified as shales (units FL_A, FL_B and FL_E) and greywackes (units FL_C, FL_D, FL_F and FL_G). Ključne besede: rečni sedimenti, Eu anomalija, SW Nigerija, izvor, tektonska uvrstitev
Introduction
The geochemistry of clastic sedimentary rocks in terms of major elements, trace elements and rare earth elements (REEs) is widely used to decipher the provenance, tectonic setting and weathering conditions of the source area (e.g. studies by various authors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ). Furthermore, some trace elements (e.g. Y, Sc, Th, Zr, Hf, Cr and Co) and REEs are relatively unaltered in composition during mobilisation from source to sink. This is because of their comparative insolubility in water [16] . Thus, these elements are adequately incorporated in clastic sediments, providing the basis for geochemical characterisation of precursor rocks [2, 4, 6] . The study area is delimited by latitudes 7°33′N and 7°35′N and longitudes 6°40′E and 6°42′E and it is underlain by the Precambrian rocks of the southwestern Nigerian basement complex ( Figure 1 ) [17] . A previous study of clastic sediments on the banks of River Ero in Geregu-Ajaokuta described their textural characteristics and depositional environments [18] . The results define seven stratigraphic units that are dominantly composed of river sand and range in size fraction from fine-to medium-grained sand ( Figure 2 ). The vertical thickness of individual sedimentary layers and their textural characteristics are variable despite the common fluvial depositional environment. Despite existing sedimentological analysis of sedimentary succession on the banks of River Ero in Geregu-Ajaokuta area, including detailed profiles and granulometric data, geochemical data has not been provided so far. The aim of the current study was to investigate the sediment maturity, provenance and tectonic setting of the fluvial sedimentary units on the banks of River Ero, using major elements, trace elements and REEs. Furthermore, because River Ero is a major river that drains the study area and delivers sediments into the River Niger, the information obtained from this study will serve as a proxy to understand the chemical character of the sediments in the deeper Niger River.
Geological background
The Nigerian basement complex is a component of the Pan-African mobile belt that is located to the east and southwest of the West African and Congo cratons, respectively [19] . The Nigerian basement complex is modified dominantly by the Pan-African thermotectonic event (450-750 Ma) but it also shows a few imprints of older orogenesis, including the Liberan (2500-2750 Ma), Eburnean (2000-2500 Ma) and Kibaran (1100-2000 Ma) [20] . The main rocks that characterise the Nigerian basement complex include the migmatite-gneiss complex, the schist belts and the Pan-African granites [21] . The lithologies included in the migmatite-gneiss complex are gneisses, amphibolites, migmatite and metavolcanics, quartzite and calcareous rocks. The schist belts consist of quartz-mica schist, feldspar-mica schist, talc schists and ferruginous quartzites. The Pan-African granites include rocks such as porphyritic biotite granite and granite gneisses that are medium to coarse grained. The local geology of the Geregu-Ajaokuta area includes major rocks such as porphyritic granite, granite gneiss, migmatite, mica schist and quartzite (Figure 1 ).
Materials and methods
Fourteen samples of fluvial sediments for this study were obtained from the exposed sections of six stratigraphic units on the banks of River Ero in Geregu-Ajaokuta, approximately 100 m away from the river mouth. From the fourteen samples collected, seven samples (10 g each) representing each bed were air-dried for 3 days, homogenised (coned and quartered) and analysed to determine their major, trace and REE contents using UT-7 sodium peroxide fusion inductively coupled plasma-mass spectrometry (ICP-MS) at Activation Laboratories Limited, Ancaster, ON, Canada. 
Results

Textural and mineralogical composition
A previous study has shown that the Geregu clastic sediments have a mean grain size that varies between 3.29 φ and 1.31 φ, with standard deviation values (s) ranging from 0.62 φ to 2.27 φ (Table 1) [18] . These results suggest that the sediments are medium-to-very fine sands and are moderately to very poorly sorted. [17] ).
The average modal estimation of the mineralogical composition of the studied sediment samples reveals that quartz is the dominant component (38-58%), followed by matrix (31-47%), opaque (5-11%), feldspar (1-4%), mica (1-2%) and lithic fragments (1-2%) ( Table 1 (FL_G) . The matrix between the sand grains contains some unresolved (petrographically) mineral grains that are probably clays. [18] ). Table 2 presents the results of the major element analysis of the Geregu fluvial sediments. The major element composition of the post-Archean Australian shale (PAAS), as proposed by Taylor and McLennan [16] , is also listed for comparison. Table 2 and Figure 3 illustrate that the clastic stratigraphic units (FL_A, FL_B, FL_C, FL_D, FL_E and FL_F) range from 51.45 to 71.61 weight percent in terms of the SiO 2 content, with the greatest value associated with Unit FL_F, which is dominantly sand, and the least content occurs in Unit FL_E, which is slightly gravelly muddy sand. Generally, the SiO 2 content of the fluvial sediments is higher in the sand-sized fractions (FL_C, FL_D, FL_F and FL_G) than in the silt and clay-sized fractions (FL_A, FL_B and FL_E). The plot of Herron [24] , shown in Figure 4 , depicts this observation.
Major element geochemistry
Stratigraphic units FL_A, FL_B and FL_E are depleted in SiO 2 content and enriched in the weight percent of oxides of most of the major elements listed in Table 2 Figure 5 ). Unit FL_E, however, has a lower K 2 O (2.26 weight%) as compared to other units of the stratigraphic sequence and a CaO content (1.26 weight%) that is only slightly higher than the CaO content of Unit FL_B (1.13 weight%; Table 2 ). In addition, [24] ). Figure 8 and Table 4 show much enrichment in LREE over the HREE in the analysed samples, [18] ; PAAS: post-Archean Australian shale [16] ; CI-chondrite, after Barat et al. [25] ; g-Eu: Eu anomaly; g-Eu = Eu/Eu*; Eu* = (Sm + Gd)/2; g-Eu computed after Tang et al. [26] . Values in square brackets are the detection limits for individual oxides.
Trace element geochemistry
REE geochemistry
corroborated by the (La/Yb) n values of 7.38-10.80. The HREE and LREE patterns illustrated in the chondrite-normalised plots are steep and flat, respectively, and it is probably due to the high fractionation of the LREE over the HREE. The SREE content in the analysed samples of the stratigraphic units FL_A, FL_B and FL_E (327.1-419 ppm) is higher than the SREE concentration (184.53 ppm) in the PAAS (Table 4; Figure 8 ), whereas the SREE concentration in units FL_C, FL_D, FL_F and FL_G (89.5-165.6 ppm) is lower than the SREE in PAAS (Table 4 ; Figure 8 ). Overall, the REE patterns for the studied stratigraphic units are similar to those in PAAS and show distinct negative Eu anomalies (Figure 8 
Discussion
Sediment maturity
The interpretation of maturity for the fluvial sediments was done with regard to textural characteristics, as well as the mineralogical and chemical compositions (Tables 1 and 2 
Provenance
The analysed samples of stratigraphic fluvial units show Al 2 O 3 /TiO 2 ratios that range from 16.5 to 38.8 (average: 26.6) ( Table 2 ). Al 2 O 3 / TiO 2 ratios, in earlier studies, have served as useful indicators of sediment precursors [28] [29] [30] . In addition, Ti is comparatively an immobile element and, as a result, is an important indicator of parent rock composition [5] , and it occurs primarily in phyllosilicates [31] . The understanding that Al 2 O 3 /TiO 2 ratios in shales are similar to those of the parent rocks is a major support for their use as source rock indicators, e.g. the study by Hayashi et al. [32] . Previous workers have suggested that sediments characterised by an Al 2 O 3 /TiO 2 ratio <14 have a mafic igneous protolith, and sediments associated with Al 2 O 3 /TiO 2 ratios that vary from 19 to 28 are inferred to have a felsic igneous rock source [33] . Similarly, Hayashi et al. [32] have used high Al 2 O 3 /TiO 2 ratios (>21) to suggest a felsic protolith source for the sedimentary rocks from northeastern Labrador, Canada. Accordingly, the units of the studied stratigraphic sequence have a predominantly felsic or felsic-to-intermediate igneous rock source. Similar results occur for the sandstones and shales from the Upper Kaimur Group in Central India, which show Al 2 O 3 /TiO 2 ratios of 10.6-27 and which relate to felsic provenance [14] . Furthermore, K 2 O and Rb have also been used to infer the provenance of clastic sediments (e.g. the works of Floyd and Leveridge [34] and Pe-Piper et al. [35] ). Armstrong-Altrin et al. [28] , in their study of the beach sands in the western Gulf of Mexico, used increases in the K 2 O and Rb contents from Nautla (0.37, 10.5 ppm) to Tacolutla (1.22, 36.8 ppm) to Playa Azul (1.45, 37.9 ppm) sands to suggest a change in provenance from mafic to intermediate to felsic, respectively. In the current study, the sediment samples are comparatively enriched in K 2 O and Rb contents, with values that range from 2.26 to 3.37 ppm and from 62.8 to 116 ppm, respectively. In concordance with the findings of Armstrong-Altrin et al. [28] , the K 2 O and Rb values in the analysed sediment samples suggest a felsic igneous rock source. Previous studies show that REEs and Th occur in higher concentrations in felsic as compared with mafic igneous rocks. Conversely, Co, Sc and Cr concentrations are higher in mafic than in felsic igneous rocks. Therefore, the ratios of the elements serve as useful indicators of sediment source rocks (e.g. the works of Cullers et al. [36] , Wronkiewicz and Condie [37] , Condie and Wronkiewicz [38] and Cullers [39] ). The usefulness of REEs, Sc and Th in inferring sedimentary rocks provenance is highly favoured by the minimal effect of fractionation of heavy minerals and processes of diagenesis and metamorphism, as compared with trace elements such as Zr, Hf and Sn [2, 37, 40] . In the current study, Sc and Lu have not been analysed in the sediment samples due to the analytical method adopted; hence, the study uses provenance discriminants that include the element ratios La/Co, Th/Co, Cr/Th, Th/Cr and Eu/Eu*. Results show that the ratios for La/Co, Th/Co, Cr/Th, Th/Cr and Eu/Eu* obtained for the sediment samples favour felsic igneous rock source of upper continental crust composition than a mafic source (Table 5 ). Mishra and Sen [14] have stated that low Eu contents characterised felsic igneous rocks and, in this study, the analysed sediment samples have clear negative Eu anomaly (average Eu/Eu* = 0.77), which suggests a felsic igneous rock source. According to Mishra and Sen [14] , sediments characterised by Eu anomalies <0.85 are sourced from rocks of the upper continental crust. In addition, the negative Eu anomalies <0.85, coupled with (Gd/Yb) n ratios (1.53-1.82; average 1.65) <2.0, suggest a post-Archean protolith source for the analysed sediment samples [16, 43] . The plot of the trace element ratio La/Th versus Hf corroborates the aforementioned provenance discriminants (e.g. the work of Condie [31] ). However, the sediment samples did not fall into the exact field but plot closer to the felsic source and upper continental crust field than the mixed felsic/basic source fields (Figure 9a) . Additionally, sediment samples show high Hf content, which suggests that contributions of the old sediment part are greater in sediment sample FL_A due to its high Hf content (20 ppm) . Similarly, in the ternary plot of Th-Hf-Co, sediment samples did not plot in any of the provenance fields but plotted closer to the upper continental crust field than the oceanic crust field (Figure 9b) . Consequently, the analysed sediment samples are predominantly of a felsic igneous rock source that is of upper continental crust composition. In the analysed sediment samples, FL_B has the highest Cr concentration of 310 ppm, while the lowest concentration (30 ppm) occurs in the FL_C unit. With respect to Ni, the highest (130 ppm) and lowest (10 ppm) concentrations occur in the FL_B and FL_F units, respectively. The comparatively high contents of Cr and Ni in Unit FL_B as compared to other units of the sedimentary sequence may be associated with a greater adsorption unto clay minerals (e.g. the study by Young et al. [44] ). The results of earlier studies for the Kudankulam sandstones [11] and floodplain sediments of the Kaveri River [45] , southern India, document that Ni and Cr occur in concentrations as high as 50-130 ppm and 112-225 ppm, respectively, due to the effect of chemical weathering of mafic parent rocks (e.g. the studies by Armstrong-Altrin et al. [11] , Singh and Rajamani [45] ). In the analysed sediment samples, the observed content of Ni (10-130 ppm, average 60 ppm) and Cr (30-310 ppm, average 121 ppm) show mafic component contribution from the source area, even though this is not affirmed in the information obtained from other trace elements and REEs. Cr/Ni ratio is the lowest (0.5) for FL_C and highest (7) in FL_F. Cr/Ni ratios in units FL_B (2.38), FL_E (2.29), FL_F (7) and FL_G (2.5) are higher than in PAAS, which has a Cr/Ni value of 2.0. On the contrary, Cr/Ni ratios are lower in FL_A (1.71), FL_C (0.5) and FL_D (1.5) as compared to PAAS. On average, the Cr/Ni ratio for the studied sediments is 2.55. The average Cr/Ni ratio obtained for the analysed sediment samples suggests lack of significant ultramafic-derived components from the source area (e.g. the works of Young et al. [44] and Garver et al. [46] ). In a previous study, it has been suggested that sediments have ultramafic igneous rock source when the Cr and Ni contents are >150 ppm and >100 ppm, respectively [46] . Elevated contents of Cr and Ni in sediments have also been used to infer an ultramafic source composition by previous workers [11, 28, 47, 48, 49] . According to Armstrong-Altrin et al. [28] , the increase in Cr and Ni contents from Playa-Azul to Teculutla to Nautla sands, which corresponds to an increasing order in the Cr/ Ni ratios, represents a more mafic source rock composition for the Nautla sand as compared with the other sands on the western Gulf of Mexico beach. There is similarity in the REE patterns obtained for the analysed sediments, and this is a sign that they are probably sourced from the same parent rocks. The sediment samples have high LREE contents and have flat HREE patterns ( Figure 8 ). Previous workers have used the REE pattern, coupled with the size of the Eu anomalies, to deduce whether sediments have felsic or mafic igneous rock sources [13, 16, 26, 37, 39, 50] . Previous workers have documented that mafic rocks are generally characterised by low LREE/HREE ratios and absence or insignificant negative Eu anomalies. On the contrary, felsic rocks exhibit high LREE/HREE ratios and discernible negative Eu anomalies [51] . It is, therefore, inferred that the fluvial sediments analysed in this study have a felsic protolith. This deduction corroborates the high LREE/HREE ratios (7.86-9.58) and sizeable Eu anomalies (0.64-0.92, average 0.77) that characterise the sediment samples.
Tectonic setting
Previous studies have inferred sediments' tectonic settings by developing discrimination diagrams based on the major elements' (e.g. the works of Bhatia [1] and Roser and Korsch [3] ) and trace elements' (e.g. the study by Bhatia and Crook [2] ) geochemistry. The analytical package (UT-7 sodium peroxide fusion ICP-MS) used in this study did not analyse the Na, Sc and Zr contents in the sediment samples, which makes it impossible to apply the tectonic discrimination diagrams of previous reports [2, 3, 52] . Nonetheless, the understanding from the work of Bhatia and Crook [2] shows that the analysed sediment samples are of a passive margin setting. The observable enriched LREE relative to HREE, coupled with the marked negative Eu anomaly (0.64-0.92, average 0.77), shown on the CI-chondrite-normalised plots of the analysed sediment samples closely resembles the characteristics of sediments deposited on passive margins, as documented by Bhatia and Crook [2] . Furthermore, the values of SREE, Eu/Eu* and (La/Yb) n for the analysed sediment samples are closely analogous to those of passive margin depositional settings than those of oceanic island arc, continental island arc or active continental margin, which corroborates the aforementioned deduction (Table 6 ).
Conclusions
The studied units of the stratigraphic sequence vary in maturity in the order FL_F > FL_G > FL_C > FL_D > FL_A > FL_B > FL_E, and the variability is analogous to the pattern of decrease in ratios of SiO 2 /Al 2 O 3 and SiO 2 /K 2 O. A major control on the decrease in the computed ratios of SiO 2 /Al 2 O 3 and K 2 O/Al 2 O 3 from the sands (e.g. FL_C, FL_D, FL_F and FL_G) to the mud-rich sediments (e.g. FL_A, FL_B and FL_E) is probably a consequence of the varying proportion of quartz grains and matrix components in the sediments. The sedimentary units have a predominantly felsic igneous rock source of upper continental crust composition, with insignificant ultramafic inputs from the source area, corroborated by elemental ratios and REE composition. The protolith of the stratigraphic units is probably post-Archean as a result of the following observations: (Gd/Yb) n ratios <2.0, Eu anomalies <0.85 and similarity in REE patterns to those of PAAS. Marked negative Eu anomalies, cou- pled with SREE and (La/Yb) n composition of the sediments, suggest deposition in a passive margin tectonic setting.
